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This paper presents a practical feedback controller design of a ball screw-driven table system for the micro-
displacement positioning. Friction of the mechanism in the micro-displacement region has nonlinear elastic proper-
ties, unlike Coulomb and/or viscous friction in the macro-displacement, resulting in different positioning responses
and frequency characteristics of the plant depending on the regions. In this paper, at first, a numerical simulator
with a rolling friction model is adopted to reproduce the positioning behaviorsin the micro-displacement region.
Based on the simulator, the stability condition of positioning in the region is clarified on the basis of frequency char-
acteristics and, then, appropriate parameters of feedback controller are p actically designed to satisfy the required
positioning performance. Effectiveness of the proposed design hasbeen verified by a series of experiments using a
prototype of ball screw-driven table positioning device.
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Prakti čna sinteza regulatora za precizno pozicioniranje sustava pomične podloge. U radu je prikazana
sinteza regulatora s povratnom vezom u sustavu za precizno linearno pozicioniranje pomǐcne podloge pomócu
kugličnih ležajeva. Za razliku od uobičajenih modela Coulombova i/ili viskoznog trenja, trenje razmatranog sustava
ima izrazito nelinearna svojstva u područj mikro-pomaka, što za posljedicu ima različite odzive pozicioniranja i
frekvencijski karakteristike, ovisno o radnom području. U radu je prvo razvijeno numeričko simulacijsko okruženje
zasnovano na modelu trenja kotrljanja u svrhu simuliranja ponašanja sustava pozicioniranja u podrǔcju mikro-
pomaka. Potom je, zasnivajući se na simulacijskom okruženju, pomoću frekvencijske karakteristike razjašnjen
problem stabilnosti sustava u promatranom radnom području te su odabrani odgovarajući parametri regulatora koji
poštuju uvjet stabilnosti i zadovoljavaju željenu kvalitetu odziva. Sinteza regulatora provedena je vodeći računa o
praktǐcnoj primjenjivosti postupka. Ǔcinkovitost predložene sinteze potvrena je nizom eksperimenata na prototipu
sustava za precizno linearno pozicioniranje pomične podloge pomócu kuglǐcnih ležajeva.
Klju čne riječi: Precizno pozicioniranje, područje mikro-pomaka, nelinearno trenje, uvjet stabilnosti
1 INTRODUCTION
High precision motion performance in the micro-
displacement region (up to about 100µm; “micro region”
in the following) is indispensable to provide the fine po-
sitioning with short stroke references and/or the desired
settling performance for varieties of industrial and/or con-
sumer mechatronic systems, such as data storage devices,
machine tools, electronics manufacturing machines, and
industrial robots. In order to achieve the required perfor-
mance, disturbance suppression capabilities are generally
important properties for the controllers, since nonlinear
components in the mechanisms, such as friction and elas-
ticity, behave as more complicated disturbances than the
ones in the macro-displacement region (“macro region” in
the following), which lead to deterioration and dispersion
in the positioning accuracy [1–3]. In the references [1, 2],
the friction behaviors were clearly categorized in the mi-
cro and macro regions, where nonlinear friction proper-
ties with elasticity led to different characteristics of plant
mechanism among the regions due to the different behav-
iors as disturbance in the plant. Expansion of the servo
bandwidth in feedback control systems, therefore, should
be one of essential approaches to achieve the higher po-
sitioning performance by improving the disturbance sup-
pression. Although the higher gain feedback control al-
lows the servo bandwidth to be wider, upper values of
the gains are generally limited by the system stability due
to mechanical vibrations, dead time (phase delay) proper-
ties, etc. Feedforward control frameworks, on the other
hand, are also promising, where precise disturbance mod-
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els and/or disturbance estimators can compensate for the
nonlinearities. In the feedforward control manners, how-
ever, it is essentially difficult to achieve robust properties
against variations in the disturbances.
Friction in the drive mechanism especially has a non-
linear elastic property in the micro region [4–7], unlike
Coulomb and/or viscous friction in the macro region [8],
resulting in different positioning responses as well as vari-
ations in frequency characteristics depending on the re-
gions. In the reference [4], typical friction models (static,
Dhal, LuGre, Leuven models) were analytically compared
to verify the friction model-based compensation in accu-
rate low-velocity tracking. Rolling friction characteristics
were clearly modeled and parameterized by optimization
techniques such as genetic algorithms in the reference [5],
being able to compensate for friction in linear motor-driven
table stage systems. In addition, friction models (general-
ized Maxell-slip and variable length spring models) were
applied in the references [6, 7], to improve circular trajec-
tory performances in machine tool drives. On the other
hand, in the positioning with short stroke references and/or
at the settling regions, it is well-known that the nonlinear
elastic friction force leads to “slow responses” with poor
settling performance [7, 9]. In the reference [9], analyti-
cal examinations on the slow response, i.e., how the elas-
tic friction behaves and affects to frequency properties of
plant system, were especially clarified, as well as the fric-
tion model-based compensation approach.
Under the above background, a practical feedback con-
troller design for the micro-displacement positioning in ta-
ble drive systems is presented in this paper, where the mo-
tion performance can be improved by focusing on plant
dynamics with friction behaviors as well as stability anal-
yses of the feedback system in the target region. Notice
here that this approach stands on different points of fric-
tion compensation view from the conventional ones, i.e.,
the improvement of disturbance suppression performance
can be realized only by parameter design in the simple
feedback control framework. At first, a numerical simu-
lator with a rolling friction model is adopted to reproduce
the positioning behaviors in the micro region. Based on
the simulator, the stability condition of positioning in the
region is clarified on the basis of frequency characteristics
and, then, appropriate parameters of feedback controller
are practically designed to satisfy the required positioning
performance.
Effectiveness of the proposed design is verified by
a series of positioning experiments using a prototype of
ball screw-driven table positioning device, presenting a
practical controller design for the high precision motion
in varieties of mechatronic systems including the micro-
displacement positioning.
Fig. 1. Ball screw-driven table positioning system
The contents of paper are organized as follows: In Sec-
tion 1, background and outline of the research are clearly
stated as the introduction. Following to the introduction,a
target position control system for a ball screw-driven table
in the research is explained in Section 2, where mecha-
nisms of a prototype and control specifications, position
control system, and basic positioning performances are
presented. In Section 3, positioning performances are nu-
merically analyzed in both frequency and time domains,
by introducing a rolling friction model in the micro region,
where the analyses suggest how the feedback controller
should be designed. According to the analytical exami-
nations, the feedback controller is re-designed and, then,
the positioning performances are numerically and experi-
mentally evaluated in Sections 4 and 5. Finally, the paper
is concluded in Section 6.
2 POSITION CONTROL SYSTEM
2.1 Ball Screw-driven Table System
Figure 1 shows a structural configuration of the target
ball screw-driven table positioning system as a prototype.
A table with a flexible load is driven by a motor (rated
torque of 1.27 Nm) through a ball screw, where the drive
mechanism is mounted on a machine stand. The table is
guided by rolling ball guides (linear guides) on the ma-
chine stand, where the rolling friction [7,9,10] is generatd
at contact points between rolling elements and the guides
with lubricant grease, deteriorating the positioning perfor-
mance. The machine stand vibration (the primary mode at
33 Hz), on the other hand, is excited due to the reaction
force of motor torque during acceleration and deceleration
motions, while the flexible load also excites a resonant vi-
bration (the2nd mode at 65 Hz), that simulates vibratory
mechanisms in a variety of industrial positioning devices.
Solid lines in Fig. 2 show a bode characteristic of the
plant system (from motor torque reference to motor po-
sition). In the characteristic, the primary and2nd vibra-
tion modes that directly lead to vibratory responses in posi-
tioning are clearly observed, while higher vibration modes
above 200 Hz exist that affect the robust stability in FB
system. In the following controller design, a linear nomi-
nal plant modelPr can be formulated as follows, including
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Fig. 2. Bode characteristics of plant and nominal model
Table 1. Parameters of nominal plant model
Jm 5.3× 10−4 [kgm2]
kt1 200 [1/kgm2] kt2 500 [1/kgm2]
ωt1 2π × 33.0 [rad/s] ωt2 2π × 65.0 [rad/s]
ζt1 0.06 ζt2 0.075








s2 + 2ζtiωtis+ ω2ti
, (1)
whereJm: motor moment of inertia,ωti: natural angular
frequency ofi-th vibration mode,ζti: damping coefficient,
andkti: vibration mode gain, respectively. Broken lines in
Fig. 2 correspond to the bode characteristic ofPr in eq.(1),
while table 1 lists the parameters ofPr.
The table position is indirectly detected by a motor en-
coder (equivalent resolution of 0.5µm/pulse on table side),
and is controlled in a semi-closed position control manner
by a DSP (Digital Signal Processor, control sampling pe-
riod of Ts) and a servo amplifier.
In the following, an S-shaped motor position reference
with amplitude of 40 motor encoder pulses (equivalent to
20 µm) is given as a typical short stroke positioning mo-
tion, where the position should be settled with the accu-
racy of±10 pulses with settling time of 176 sampling pe-
riods (176Ts ≃ 45 ms) as the typical specification. Notice
here that the position and time are represented by encoder
pulses and control sampling numbers as normalized val-
ues.
2.2 2-Degrees-Of-Freedom Positioning System
In this system, a robust 2-degrees-of-freedom (2DOF)















Fig. 3. Block diagram of 2-degrees-of-freedom positioning
system
Table 2. Parameters ofN , D, and1/F
n0 7.17× 109 d0 0.00
n1 6.78× 106 d1 0.00
n2 2.40× 105 d2 3.80× 106
n3 9.92× 101 d3 3.60× 103
n4 1.37 d4 1.12× 102
d5 4.57× 10−2
d6 5.30× 10−4
ωF1 2π × 55 [rad/s] ζF1 1.0
ωF2 2π × 60 [rad/s] ζF2 1.0
ωF3 2π × 60 [rad/s] ζF3 1.0
tion [11] is applied to achieve the desired positioning per-
formance. Feedback controller consists of a well-known P-
PI (proportional for position, and proportional plus integral
for velocity) controller and a robust filter, where the robust
filter ensures the robustness against the high frequency vi-
bration modes. Feedforward compensation based on the
mathematical plant model, on the other hand, provides the
fast and precise positioning property.
Figure 3 shows a block diagram of the 2DOF position-
ing system for the target table drive system, whereP : ac-
tual plant dynamics of motor position for torque reference,
N andD: feedforward compensators,Cp andCs: posi-
tion and velocity feedback compensators,Fp: robust filter,
r: motor position reference,x∗m: ideal motor trajectory,
xm: actual motor position,udis: disturbance,u∗m: feed-
forward torque,um: torque reference,Dif : operation of
differentiation, respectively. Notice here that this positi n-
ing controller requires a precise tracking performance for
x∗m given as the output ofN , although the original control
purpose is specified as a point-to-point positioning.
The feedforward compensatorsN andD are designed
by the coprime factorization expression framework, where
the nominal plant modelPr with the primary and2nd vi-









2 + n1s+ n0
d6s6 + d5s5 + d4s4 + d3s3 + d2s2 + d1s+ d0
,
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Table 3. Parameters ofFp
ω1 2π×1200 [rad/s] ζ1 0.700
ωn2 2π×200 [rad/s] ζn2 0.030
ωd2 2π×202 [rad/s] ζd2 0.100
ωn3 2π×280 [rad/s] ζn3 0.040
ωd3 2π×280 [rad/s] ζd3 1.000
ωn4 2π×440 [rad/s] ζn4 0.060
ωd4 2π×440 [rad/s] ζd4 1.000
ωn5 2π×860 [rad/s] ζn5 0.003




















































s2 + 2ζFiωFis+ ωFi
2
,
where1/F is a 6th-order low pass filter with its bandwidth
of 60 Hz, which allowsN andD to be proper. Table 2 lists
the parameters ofNr, Dr, and1/F .
Cp andCs consist of the following P-PI compensation:
Cp(s) = Kpp, (4)




Compensator gains are set as ofKpp = 73.0 [rad/s],Ksp
= 0.15 [kgm2/s], andKsi = 10.1 [kgm2/s2] (defined as
“conventional case” in the later examinations). From the
plant bode characteristic in Fig. 2, since the primary and
2nd vibration modes can be compensated by the feedfor-
ward compensation, higher vibration modes above 200 Hz
should be suppressed by the robust filter. The following ro-
bust filterFp, therefore, is designed by serially-connected
four notch filters (with notch frequencies of 200, 280, 440,

















































Fig. 5. Response waveforms of conventional system for S-
shaped position reference in macro region (reference am-
plitude of 40000 pulses)
and 860 Hz) and a low path filter (1200 Hz), that ensures
the system stability for the higher vibration modes than the
3rd mode in Fig. 2.
Fp(s) =
ω21








2 + 2ζniωnis+ ωn
2
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Table 3 lists the parameters ofFp, while an open charac-
teristic of the feedback system with the robust filterFp is
depicted in Fig. 4.
Nonlinear friction as the disturbanceudis, on the other
hand, should be compensated to improve the tracking per-
formance, especially in the micro-displacement motion.
2.3 Positioning Performance of Conventional System
In order to evaluate the control performance of the con-
ventional system in the macro and micro regions, S-shaped
position referencesr whose amplitude of 40000 pulses for
the macro and 40 pulses for the micro are comparatively
applied to the system. Figures 5 and 6 show comparative
response waveforms in the macro and micro regions, where
the top of each figure shows the response waveform of po-
sition error (r − xm), and the bottom shows the trajectory
tracking error (x∗m − xm). In the figures, solid lines in-
dicate the actual positioning responses and the dotted line
in the tops indicatesx∗m, while vertical dotted lines in the
tops denote the target settling time (630 samples for macro
and 176 samples for micro), and horizontal dotted lines in
the tops denote the target settling accuracy of±10 pulses.
Although the conventional control achieves the required
response in the macro case, the slow response is clearly
12 AUTOMATIKA 54(2013) 1, 9–18
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Fig. 6. Response waveforms of conventional system for
S-shaped position reference in micro region (reference am-
plitude of 40 pulses)





























Fig. 7. Rolling friction characteristics
appeared in the micro case due to the effect of nonlinear
friction in the region. In addition, notice here that the re-
sponses at around the settling region in each case behave in
different ways, i.e. with overshoot response in the macro
region while without overshoot response in the micro re-
gion.
3 NUMERICAL SIMULATION OF POSITIONING
PERFORMANCE IN MICRO REGION
3.1 Rolling Friction Modeling
As mentioned above, the nonlinear friction deteriorates
the tracking performance for the target trajectory in posi-
tioning, resulting in poor settling characteristics. Figure 7
shows an example of friction values for motor position in
the target table drive system, where the friction was de-
tected by a disturbance observer during sinusoidal motor
position profiles (with low frequency of 0.05 Hz) for dif-
ferent amplitude cases (10 to 300 pulses). In the figure, the
friction definitely has nonlinear elastic properties with hys-
teresis in the displacement regions. These nonlinear elas-
tic characteristics affect the positioning performance asthe
nonlinear disturbance, especially at the starting and/or set-
tling motion as well as in the micro-displacement position-
ing. Effects of the friction on the positioning performance,
therefore, should be precisely analyzed and compensated
to improve the control performance.
One of mathematical models to reproduce the friction





n−1 − (n− 1)ξ} : n 6= 2







: |δ| < xr and|Fr| < Tfc
sgn(vm)Tfc
: |δ| ≥ xr or |Fr| ≥ Tfc
, (8)




whereFr: rolling friction, Tfc: Coulomb friction,δ: mo-
tor displacement after reverse motion,ξ: intermediate vari-
able,xr: displacement of rolling region,n: variable for
hysteresis,Fr0: rolling friction at reverse motion,δ0: mo-
tor displacement at reverse motion, sgn(·): sign function,
andvm: motor velocity, respectively. The model param-
eters are experimentally determined asTfc = 0.1125 Nm,
xr = 300 pulses, andn = 1.6 by try and error processes.
Figure 8 evaluates the rolling friction model output in a
case of motor sinusoidal amplitude of 100 pulses with an
internal hysteresis loop at around the origin. From the fig-
ure, the identified model can reproduce the actual rolling
friction behaviors.
3.2 Numerical Simulation of Positioning
Figure 9 shows comparative response waveforms of
position error (top) and trajectory tracking error (bot-
tom), where red lines indicate the numerical simulation
responses using the identified rolling friction model de-
scribed above, and black lines indicate the experimental
results. From the figure, the actual responses can be ac-
curately reproduced by the simulation and, as a result, this
comparison clearly states that the slow response in the mi-
cro region is caused by the rolling friction properties.
3.3 Frequency Characteristics in Micro Region
Effects of the friction in the frequency domain should
be also clarified to examine the positioning performance in
AUTOMATIKA 54(2013) 1, 9–18 13
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Fig. 8. Rolling friction model output














































Fig. 9. Numerical simulation waveforms for S-shaped po-
sition response in micro region (reference amplitude of 40
pulses)
the micro region. Swept sinusoidal motor position refer-
ences with amplitude from 20 to 300 pulses were applied
to the position control system, to obtain frequency charac-
teristics of the plant in the micro region. Figure 10 shows
bode plots of motor position for motor torque reference in
the micro region, where broken lines (macro) are measured
with large position amplitude (i.e., bode characteristicsin
the macro region). From the plot, the position amplitude
drastically affects the plant dynamics especially in low fre-
quency range up to 30 Hz, in both gain and phase char-
acteristics. In the low frequency range, the friction has a
nonlinear elastic component, thus resulting the gain vari-
ations and phase lead characteristics for difference in po-
sition amplitude. This examination gives that the control
bandwidth can be expanded more in the micro region due








































Fig. 10. Bode plots of motor position for motor torque in
micro region
Table 4. Parameters of feedback controller
case-1 (conv.) case-2 case-3
Kpp [rad/s] 73.00 200.0 200.0
Ksp [kgm2/s] 0.151 0.200 0.200
Ksi [kgm2/s2] 10.07 30.00 50.00
Table 5. Gain and phase margins in micro region
case-1 (conv.) case-2 case-3
gain margin [dB] 10.89 7.90 7.81
phase margin [deg] 107.76 50.08 38.11
4 FEEDBACK CONTROLLER DESIGN IN MICRO
REGION
4.1 Feedback Controller Parameters and Frequency
Analyses
From the above examinations on frequency character-
istics with the nonlinear friction properties, high gain con-
trollers to expand the control servo bandwidth can be ap-
plied to the feedback system, since the phase lead char-
acteristics in low frequency range appear for the micro-
displacement motion. Here, alternative two cases of feed-
back controller parameters (cases-2 and 3) were designed
rather than the conventional case (case-1), as listed in Ta-
ble 4. A specified index for the parameter design is that the
gain of sensitive function for the feedback loop becomes
lower than 5 dB in all frequency range, from viewpoints of
disturbance suppression by the expansion of servo band-
width.
Figure 11, Table 5, and Figs.12 and 13 show compara-
tive frequency analyses for three cases of feedback param-
eters in the micro region: Nyquist plots in Fig. 11, gain
14 AUTOMATIKA 54(2013) 1, 9–18
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Fig. 12. Open loop characteristics in micro region
and phase margins of the feedback system in Table 5, open
loop characteristics in Fig. 12, and sensitivity characteris-
tics of the feedback loop in Fig. 13, where all plots and
indexes are calculated on the basis of the plant frequency
characteristic for 20 pulses in Fig. 10. A dotted circle in
the Nyquist plots of Fig. 11 corresponds to the gain of 5 dB
in the sensitive function, in order to verify the design spec-
ification. According to the above frequency analyses, al-
ternative feedback parameters in cases-2 and 3 can achieve
the wider servo bandwidth (from Fig. 12) and the higher
disturbance suppression capability in low frequency range
(from Figs.11 and 13), under the stable conditions with the
desired gain of sensitivity function.
Nyquist plots in Fig. 14 and gain/phase margins in Ta-
ble 6, on the other hand, show comparative frequency anal-
yses for three cases in the macro region, where those are
calculated by the macro-displacement plant characteristic










































Fig. 13. Sensitivity characteristics of feedback system in
micro region






















Fig. 14. Nyquist plots in macro region
Table 6. Gain and phase margins in macro region
case-1 (conv.) case-2 case-3
gain margin [dB] 14.81 14.80 1.90
phase margin [deg] 32.71 14.02 -1.83
son between Figs.11 and 14, the system stability becomes
low in the macro region, while the parameters in case-3
especially lead to the unstable system.
4.2 Stability Evaluations by Time Responses
In order to verify the system stabilities by time re-
sponses of positioning, reciprocation and inching motions
are evaluated, where an amplitude of referencer is set as of
40 pulses and a positioning interval time is set as of 4400
sampling periods, respectively. Figure 15 shows response
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Fig. 15. Response waveforms of motor position for recip-
rocating motion in micro region (reference amplitude of 40
pulses and interval time of 4400 sample)























Fig. 16. Magnified response waveforms of motor position
error for reciprocating motion in micro region
waveforms for the reciprocating motion, where blue line
indicates the response in case-2 and red line indicates the
one in case-3. Figure 16 shows magnified response wave-
forms of the positioning error (r − xm) in one of settling
motions of Fig. 15. From the figures, the alternative pa-
rameters in cases-2 and 3 give the desired fast and precise
positioning performance with stable responses.
Figure 17, on the other hand, shows response wave-
forms of the inching motion in cases-2 and 3. In the fig-
ure, comparing to the responses of Fig. 15 in the case
of reciprocating motion, the settling responses of case-3
in the second and third backward motions (at around 2.6
and3.0×104 samples) include vibratory waveforms, while
magnified responses in Fig. 18 are extracted from the re-
sponses in the third backward motion. These vibratory re-
sponses in case-3 suggest that the plant dynamics behave
in different ways from ones in Fig. 10, although the sys-





















Fig. 17. Response waveforms of motor position for inching
motion in micro region (reference amplitude of 40 pulses
and interval time of 4400 sample)























Fig. 18. Magnified response waveforms of motor position
error for inching motion in micro region
tem stability is ensured as in Fig. 11. In order to examine
the vibratory behaviors, rolling friction responses during
the inching motions were measured as shown in Fig. 19.
In the figure, the rolling friction level rushes into Coulomb
friction as the inching displacement proceeds, that is, the
friction as well as the plant dynamics shift to the ones in the
macro region, unlike the behaviors during the reciprocating
motions in which the displacement does not proceed. As
a result, the settling performance might include the vibra-
tory responses depending on the displacement which de-
termines the rolling friction.
According to the above analyses and examinations, the
feedback controller parameters should be designed to sat-
isfy the system stability in both micro and macro regions.
As a proposed practical design, therefore, the parameters
of case-2 are adopted to the feedback controller in the fol-
lowing experimental evaluations.
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Fig. 19. Rolling friction responses during inching motion
(reference amplitude of 40 pulses)















































Fig. 20. Comparative response waveforms by feedback pa-
rameters of case-2 in micro region (reference amplitude of
40 pulses)
5 EXPERIMENTAL VERIFICATIONS
The same S-shaped motor position responses as in sec-
tion 2.3 were given to experimentally verify the proposed
feedback controller design. Figure 20 shows response
waveforms of position error (top) and trajectory tracking
error (bottom) in the micro region, while a response wave-
form of position error in the macro region is given in Fig.
21. Vertical dotted lines in the figures indicate the target
settling time. From the figures, the position responses in
both micro and macro regions satisfy the required settling
performance. In the micro motion case of Fig. 20, the
faster settling with 102 samples and the trajectory tracking
error within 16 pulses during the motion can be especially
achieved in the proposed design, because of the improve-
ment of the sensitivity characteristic by the feedback pa-
rameters.
















































Fig. 21. Magnified response waveform of motor position
error by feedback parameters of case-2 in macro region
(reference amplitude of 4000 pulses)
6 CONCLUSIONS
This paper proposed the feedback controller design ap-
proach considering the plant dynamics of the table system
in the micro region. According to the design, the feedback
controller parameters should be designed to ensure the sys-
tem stability in both micro and macro regions from view-
points of the nonlinear behaviors of rolling friction in the
regions. The effectiveness of the proposed design has been
experimentally verified using the prototype of ball screw-
driven table positioning system, where the required fast
and precise positioning performance could be achieved by
adopting the proposed design parameters to the feedback
controller.
A series of examinations and the controller design
for the micro-displacement positioning in this research
should be also practically available to the conventional
control frameworks to improve the settling performance,
e.g., well-known mode switching control.
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